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We calculate the electric dipole moments (EDM) of the neutral ^^^Hg atom, neutron and deuteron 

. . . , within a generic R-parity violating SUSY model [l^p SUSY) on the basis of a one-pion exchange 

^^ ■ model with CP-odd pion-nucleon interactions. We consider two types of the _^pSUSY contributions 

^^ ' to the above hadronic EDMs: via the quark chromoelectric dipole moments (CEDM) and CP- 

^^ \ violating 4-quark interactions. We demonstrate that the former contributes to all the three studied 

^N , EDMs while the latter appears only in the nuclear EDMs via the CP-odd nuclear forces. We find 

r^ ' that the I^p SUSY induced 4-quark interactions arise at tree level through the sneutrino exchange 

'—{ I and involve only s and 6 quarks. Therefore, their effect in hadronic EDMs is determined by the 

^~~i . strange and bottom-quark sea of the nucleon. From the null experimental results on the hadronic 

^^ • EDMs we derive the limits on the imaginary parts of certain products Im(A'A'*) of the trilinear 

I ' I^p -couplings and show that the currently best limits come from the ^^^Hg EDM experiments. We 

demonstrate that some of these limits are better than those existing in the literature. We argue that 

r\l ' future storage ring experiments on the deuteron EDM are able to improve these limits by several 

^ ' orders of magnitude. 

^: 
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o. 

\0 • I. INTRODUCTION 

O; 

,^ ' Over the years CP-violation (CPV) remains one of the central themes of particle physics and cosmology. By now 

Qh, the manifestations of CPV have been observed experimentally in the systems of K and B mesons. In the Standard 

O ; Model (SM) there are two sources of CP-violation: the CKM phases and the QCD 0-tcrm. The former explains 

1^ , the observed CP-asymmetries in flavor changing K and B decays (for a recent review see, e.g. |1||) while the 0-terni, 

1-^ being flavor blind, is irrelevant for them but contributes to flavor neutral CP-odd observables such as electric dipole 

^ moments (EDM) of nucleons and nuclei (for review see, e.g. 0, HiH)- Physics beyond the SM is introducing new 

complex parameters and, therefore, new sources of CP-violation in both flavor changing and neutral sectors. In 

supersymmetric (SUSY) models, these parameters come from the soft SUSY breaking sector and the superpotential 

yU-term. 

In order to reveal the physics behind CP-violation one needs complementary information on various CP-odd ob- 
servables. Among them the EDMs of leptons, nucleons and nuclei are attracting rising experimental and theoretical 
efforts as a sensitive probe of physics beyond the SM. During the last few years a significant progress has been achieved 
in experimental studies of various EDMs 3-01 ■ Presently there exist stringent upper bounds on the neutron EDM, 
dn, p and the EDM, dng, of the neutral ^^^Hg atom [g: 

\dn\ < 3.0 X 10^2^ e-cm, (1) 

\dHg\ < 2.1 X 10^2* e-cm . (2) 

Recently it was also proposed to measure the deuteron EDM, djj, in storage ring experiments Q with deuteron ions 
instead of neutral atoms. The advantage of these experiments is the absence of Schiff screening, which introduces in 
significant uncertainties in the case of neutral atoms. This allows a direct probe of the do- In the near future it is 
hoped to obtain the experimental upper bound of 

MdI < (1-3) X 10"^^ e-cm . (3) 
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The upper limits for the EDMs, derived from the above null experimental results, stringently constrain or even reject 
various models of CPV 2] . For the case of the SUSY models with the superpartner masses around the electroweak 
scale ~ 100 GeV — 1 TeV, these limits imply the CPV SUSY phases to be very small. Various aspects of the 
calculation of the EDMs within the popular versions of SUSY models with [^ [^ and without [lOL llll Il2 . Il3| R-parity 
conservation have been studied in the literature. 

In the present paper we are studying the EDMs of the ^^^Hg atom and the deuteron as well as of the nucleon in 
the framework of a generic SUSY model without R-parity conservation [I^p SUSY) on the basis of chiral perturbation 
theory (ChPT). We consider CP-violation in the hadronic sector originating from the quark chromoelectric dipole 
moments (CEDMs) and 4-quark effective interactions which are induced by the complex phases of the trilinear ^p - 
couplings A'. From the experimental bounds of Eqs. Q-© we derive upper limits on the imaginary parts of the 
products |Im(A^33A^^]^)| and |Ini(Aj22'^iii)l of the trilinear ^p-couplings and compare these limits to the existing ones. 
We also discuss the prospects of the deuteron EDM experiments from the view point of their ability to improve these 
limits. 

II. HADRONIC EDMS: BASIC FORMALISM 

Here we briefly outline basic formulas for the calculation of the EDMs of the neutral ^^^Hg atom, the deuteron 
and nucleons. The ^^^Hg is a diamagnetic atom with a closed electron shell. Its EDM is dominated by the nuclear 
CP-violating effects characterized by the Schiff moment Shq, generating a T-odd electrostatic potential for atomic 
electrons. The ^^^Hg atomic EDM is given by [lj| 

dug = -2.8 X IQ-^SHg ■ fm"^ . (4) 

The deuteron EDM is a theoretically rather clean problem [13 since the deuteron represents the simplest nucleus 
with a well understood dynamics. The corresponding EDM can be written as the sum of the three terms 

dD^dp + rf„ + dg^ , (5) 

where d„, dp are the neutron and proton EDMs, respectively, and d^^ is due to the CP-violating nuclear forces. 

The EDMs of nucleons, dn, dp, the proton-neutron CP-odd interaction term, d^^ and the Schiff moment Shq can 
be evaluated on the basis of a one-pion exchange model with CP-odd pion-nuclcon interactions 3, 15, 16]. 

The CP-odd pion-nuclcon interactions are conventionally classified according to their isospin (T) properties [131 : 

AT = transition : £(°) = g^^^NnfN, (6) 

I ATI = 1 transition : C^^^ = g^^'>NNTT°, (7) 

I ATI = 2 transition : C^^^ = g^^'^ {N nrN - 3 Nt^ N 7r°) , (8) 

where the fields N and 7? correspond to the doublet of nucleons and triplet of pions, respectively. 

For the calculation of the hadronic EDMs this Lagrangian is combined with the standard Lagrangian of the strong 
ttNN interaction 

Cttn = g^rN Nij5TffN . (9) 

Here g^^N is the CP-even ttNN coupling, which in the chiral limit satisfies the Goldberger-Treiman relation: 

g.N ^ 9A-^ ^ 12.9 , (10) 

where gA = 1.267 is the nucleon axial charge, niN = m-p = 938.27 MeV is the nucleon mass and F^ = 92.4 MeV is 
the pion decay constant. In the adopted approach the nucleon EDMs are induced by the standard one- loop diagram 
with the charged 7r-meson which involves one CP-even and one CP-odd vertex corresponding to the terms in Eq. @ 
and Eqs. lO-®, respectively. In the leading order of the chiral expansion one finds [ig: 

d„^-dp^^g-^(gf^+^^'^)lnl^, (11) 

where M^r = Mj^+ = 139.57 MeV is the 7r-meson mass. Thus, from Eqs. (0 and lllll it follows that the nucleon 
contributions to the deuteron EDM cancel out in the leading order of the chiral expansion. This cancellation is a 



specific result of the SU(2) version of ChPT [13 which does not hold in the SU(3) extension Q- In the present paper 
we do not consider the issues of the latter case. 

The pion exchange between two nucleons with one CP-even and one CP-odd vertex, corresponding to the terms in 
Eq. @ and Eqs. Q-®, respectively, generates a P- and T-odd potential of proton-neutron forces. With this potential 
one can calculate the d^^ term in Eq. (jsj as the expectation value of er/2, where r is the relative proton-neutron 
coordinate. In this way one obtains the following result |Jlll5l|: 

"^^ " UnM^ (1 + 2C)2' ^ ' 

where ^ = ^/ttinEb/M^ and Eb = 2.23 MeV is the deuteron binding energy. Numerically, one gets 

dg^ - -2.3 X 10-14 5^1)6 -cm. (13) 

Recently the Schiff moment Shq [l6j has been calculated within a reliable nuclear structure model which takes full 
account of core polarization on the basis of the P- and T-odd one-pion exchange potential generated by the interactions 
in Eqs. Q-©. The result for a finite range interaction is 

Sng = -0.055 g^w (0.73 X lO^^gW + g(i) -O.lGg'-^^) e • fm^ (14) 

Using the above equations one can derive from the experimental upper bounds in Eqs. CQl-® the following constraints 
on the ttN CPV couplings: 

present dng : \0.73 x 10~^g'^°^ + g'^^^ - 0.mg'-^^)\ < 10.6 x 10"^^ (15) 

present d„ : |5^°^+5^^^| < 2.3 x 10-l^ (16) 

future di): \g'^^^ < (0.43 - 1.3) x 10^^^ (17) 

As evident, the future storage ring experiments with deuterons |3| are going to improve the limit on the CPV AT = 1 
ttN coupling g''^' by about two orders of magnitude. 

In what follows, we calculate the ^p SUSY contributions to the quantities Shq, dm dp and d^^ via the CP-odd 
■kNN interactions Q-® and derive upper limits on the .^p -couplings involved in these observables. 

III. CP- VIOLATING INTERACTIONS IN /Jp SUSY 

The effective CP-odd Lagrangian in terms of quark, gluon and photon fields up to operators of dimension six, 
normalized at the hadronic scale '--^l GeV, has the following standard form: 

i—u.d,s i—u,d.s 

where GJ^j, is the gluon stress tensor, (5^,^ — ^^fiuapG'^'' is its dual tensor, and T°- and /"''^ are the SU{3) generators 
and structure constants, respectively. In this equation the first term represents the SM QCD 0-term, while the last 
three terms are the non-renormalizable effective operators induced by physics beyond the SM. The second and third 
terms are the dimension-five electric and chromoelectric dipole quark operators, respectively, and the last term is the 
dimension-six Weinberg operator. The light quark EDMs and CEDMs are denoted by di and di, respectively. In what 
follows we adopt the Peccei-Quinn mechanism, eliminating the 0-term as an independent source of CPV. 
We also consider the 4-quark CPV interactions of the form ^20 . 21i] 

AT"" = E {cf,iq^q^){qJ^l5qJ) + Cr,iq,a,,q..){qjta'^''j,qA , (19) 

where the sum runs over all the quark flavors i,j = u,d, s, c, b, t. The operators of the above Lagrangians in Eqs. H18() - 
((T^ can be induced by physics beyond the SM at loop or tree level after integrating out the heavy degrees of freedom. 
We are studying the CPV effects in the hadronic sector induced by the trilinear interactions of the -^pSUSY models. 
The corresponding part of the i?p-violating superpotential reads: 

Wi^^ = K.kUQjDl , (20) 



where the summation over the generation indices i,j,k is understood, L, Q and D^ axe the superfields of lepton- 
sleptons, quarks-squarks and CP-conjugated quarks-squarks, respectively, and A^ j, are the complex coupling constants 
violating lepton number conservation. Eq. fiOfl results in the interactions 

-Ca' = - Kjkii'.APLd, + IJ.Pli^, + d.J^PRV-r - IJ.Plu^ - u^J.PlI - d.^u^Pnl': ) + H.c. (21) 

withPL,fl = (lT75)/2. 

The interactions of the Lagrangian H21(l generate the terms in the effective CPV Lagrangians (|18|l and (|19|l at certain 
orders in the A'-couplings. It is straightforward to derive the corresponding contribution to the 4-quark contact terms 
(|19|l . It arises from a tree level contribution induced by the sneutrino, v, exchange given by 



with 



C-'ir = [CfAss) + cam id^J,d) (22) 

where m;} is the sneutrino mass. Note, that the four-quark term involving only d-quarks is absent in (|22|l due to 

The interactions of the Lagrangian (|21|) generate the quark EDMs, dg, and CEDMs, dq, starting from 2-loops pTlll^ 
and the dominant _^p-contributions are of second order in the A'-couplings. It was shown in Ref. lz| that the up-quark 
EDM and CEDM are suppressed by the light quark mass and mixing angles, which, therefore can be neglected. The 
quark EDMs are irrelevant for our study based on the pion-exchange model with the interaction the Lagrangian ©- 
(|H1). We also do not consider the Weinberg term, which does not appear at the order of 0(A'2) unlike the quark 
CEDMs and 4-quark contact terms. In our analysis we use for the d-quark CEDMs the result of Ref. [l^l 

with the loop function 

F{x) = Z'dylzliLzl) in^^ii^ ^ ^ + 2 + lna; + ln2x for x ^ . (25) 

Jo y('^-y)-x X 3 

The expression (I24II corresponds to the d-quark CEDM at the hadronic scale ^ 1 GeV. The renormalization group 
factor is evaluated to be Z9 = 0.84 ^. 

IV. fip SUSY INDUCED HADRONIC EDMS 

We are studying the EDMs generated by pion-exchange with the CP-odd pion-nucleon interactions given by Eqs. ©- 
©. We assume that these interactions originate from the quark level effective Lagrangian (fT^ - (fT^ . The correspond- 
ing relationships between the CPV 7rN-couplings, g^'''' of ©-JSJl and the parameters dq, C[a of (|18|l - l|19|l can be 
conventionally extracted from the matching condition 

(7r0iV|£^^^ + £f/^|iV> = (^07V|/:(") + ^^^ + C^^'^\N) . (26) 

In Ref. [31 the contributions of the quark CEDMs to the couplings g*^*^-* were determined on the basis of the chiral 
Lagrangian and of the phenomenological evaluation of the nucleon matrix elements in the l.h.s. of Eq. (|26|l . There 
appear non-zero contributions only to the 5!°^^^^ couplings 

3^1.. = -1-02 X i^-^ = -6.3 X 10-^ Y. I-(A'.33A'ai) , (27) 

-9^L.. = 9.2 X i^^^ - 5.7 X 10-« J2 ^(^33^^ . (28) 

Here we disregarded the contribution of (i„ as it is strongly suppressed in l^p SUSY [l2 • 



Due to its isospin structure, the effective 4-quark interaction in Eq. (|22|l contributes only to the |AT| — 1 couphng 
ff-^' in Eq. |(7J). We derive the corresponding contribution using Eq. \2J6\ . In order to evaluate the matrix element in 
the l.h.s. of (|26|l we apply the relation of partial conservation of the axial current (PCAC) 

Ml 



(^"Mz75d|0) = -F, 



2mrf 



(29) 



where md = 9 MeV is the d-quark current mass. We also need to know the nucleon matrix elements of the scalar 
currents 



(iV|s-s|iV) = 4^\ (N\hh\N)^Gf 



(30) 



The values of Gg\ G g are subject to significant uncertainties. In our analysis we use the estimates from Refs. p3.l25 



G^s^ = (0.64-3.9), 



G 



{b) _ 



9x 10 



-3 



(31) 
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For the value of Gg we indicate the interval of possible values according to Ref. 22] . For Gg we only need an 
order of magnitude estimate which will be sufhcient to conclude that it is associated with the subdominant term not 
essential for our analysis. 

From the matching condition (|26|l and using Eqs. H19|l . H23|l and 129() - (|31|l we find for the contribution of the 4-quark 
interactions 

,2 






_ p ™7r ( ^iP Ms) I f^P r^{b)\ _ 



-(3.6 - 21.7) X 10-9 Y. Im(^'.22Arii) - 5 X 10-" ^ ^M>^a^>^:,^ 



(32) 



Eqs. (EU, l|2SIl and ^ show that the CPV t:N couplings g 
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j(i) 

^CEDM 
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receive the 



contribution from lm{X'^^^X'j^^) dominated by the d-quark CEDM while the contribution from Im(Aj22'^iii) appears 
solely via the 4-quark CPV interactions H22|l . 

Now we are ready to derive the constraints on the trilinear l^.p -couplings from the experimental bounds of Eqs. 
p5|l - H17|l . Using the expressions (|27|l . (128(1 and H32|l we obtain from the above experimental bounds the upper limits on 
|Im(A^33A^^]^)| and |Im(A^22'^iii)l- These limits, extracted from the EDMs of the ^^^Hg atom, neutron and dcutcron, 
are given in Table I together with the existing limits on jA^ggA^^j^j and |A^22'^'iiil .Ml- The limits from the EDMs of 
i99jjg g^j^j ^Yie deuteron are shown for the uncertainty interval of the scalar nucleon form factor introduced in Eq. 
((31|l . It is seen that the presently most stringent limits on |Im(A^j,j,A,^^]^)| come from the -"^^^Hg atom EDM Q. The 
forthcoming experiments on the deuteron EDM (O are going to improve these limits by about one to three orders of 
magnitude. Note, that we obtained about 1-order of magnitude improvement for the limit |Im(A'j33A^*]^)| < 1.2 x 10"^ 
previously derived in Ref. [l2| from the neutron EDM constraint Q) on the basis of the SU(6) quark model. The 
existing limits on the absolute values of the corresponding products of the A'-couplings depreciate the present EDM 
limits on |Im(A^22'^'iii)l' being more stringent, while they do not exclude the values of |Im(A^33A';'j2)| within the limits 
derived from EDMs. We also observe that the future deuteron EDM experiments are expected to decrease the upper 
limits on |Im(A^22'^'iii)l below the values excluded by the existing limits on the absolute values of these products. 



TABLE I: Upper limits on the imaginary parts of the products of the trilinear Ijtp -couplings derived from the experimental 
bounds on the EDMs of neutron Q, ^^^Hg neutral atom w] and deuteron jj. The existing constraints from other experiments 
on the absolute values of the corresponding products of ]^p -coupling are taken from Ref. |24J|. The limits are evaluated with 
all the superpartner masses equal to 300 GeV. 



Experiment 


d„ f5] 


dug f6] 


do \7] 


Existing limits 124] 


J: |Im(A:33Arn)l 

i 


3.6 X 10"^ 


1.9 X 10-'^ 


(0.8-3.2) X 10-* 


lA'issA'iiil < 4.5x10-" 
IA233A211I < 5.4 X 10-^ 
|Ai33A^ii|< 1.3x10-3 


Y: \lm{K22Kii)\ 

i 




(0.3-1.9) X 10"^ 


(2-36.1) x 10-« 


|Ai22Aiii[ <4.5 X 10-5 
IA222A211I < 1.3 X 10-3 
|A^22A^n| < 1.3x10-3 



V. SUMMARY AND CONCLUSIONS 

We have studied the contributions of the trilinear I^p -couplings to the ^^^Hg atom, neutron and deuteron EDMs 
within ChPT, applying the pion-exchange model of CPV nuclear forces. We have analyzed the I^p -contributions via 
the d-quark CEDM and CPV 4-quark interactions. We have shown that the I^p SUSY induced 4-quark interactions 
contributes only to the nuclear EDMs such as ^^^Hg and deuteron EDMs via the CPV nuclear forces and do not 
contribute to the neutron EDM. We have also found that these two type of mechanisms give rise to a dependence of 
the hadronic EDMs proportional to different A'-couplings. Therefore, taking into account both mechanism allows one 
to obtain a complimentary information on the imaginary parts of the products of the A'-couplings. The corresponding 
upper limits from the null experimental results on measurements of the above mentioned hadronic EDMs are given 
in Table 1. We have demonstrated that the present limits from the ^^^Hg EDM experiments are by a factor ~6 more 
stringent than those from the experiments on the neutron EDM and that the planned storage ring experiments with 
the deuterium ions would be able to significantly improve these limits. 

VI. ACKNOWLEDGMENTS 

This work was supported in part by the FONDECYT project 1030244, by the DFG under the contracts FA67/25-3 
and GRK683. This research is also part of the EU Integrated Infrastructure Initiative Hadronphysics project under 
the contract number RII3-CT-2004-506078 and President grant of Russia "Scientific Schools" No 5103.2006.2. 



[1] J. Erler, M. J. Ramsey-Musolf, Prog. Part. Nucl. Phys. 54 (2005) 351. 

[2] LB. Khriplovich and S.K. Lamoreaux, "CP Violation Without Strangeness" , Springer, 1997. 

[3] V.F. Dmitriev, LB. Khriplovich, Phys. Rept. 391 (2004) 243. 

[4] P.G. Harris et al., Phys. Rev. Lett. 82 (1999) 904. 

[5] C. A. Baker et al, arXiv:hep-ex/0602020 

[6] M. V. Romalis, W. C. Griffith and E. N. Fortson, Phys. Rev. Lett. 86 (2001) 2505. 

[7] Y. K. Semertzidis et al. [EDM Collaboration], AIP Conf. Proc. 698 (2004) 200. 

[8] T. Falk and K.A. Olive, Phys. Lett. B 375 (1996) 196; T. Falk and K.A. Olive, Phys. Lett. B 439 (1998) 71; T. Ibrahim 

and P. Nath, Phys. Lett. B 418 (1998) 98; Phys. Rev. D 57 (1998) 478; [Erratum-ibid. D 58 (1998) 019901]; Phys. Rev. 

D 58 (1998) 111301; M. Brhlik, G.J. Good and G.L. Kane, Phys. Rev. D 59 (1999) 115004; M. Brhlik, L.L. Everett, G.L. 

Kane and J. Lykken, Phys. Rev. Lett. 83 (1999) 2124; A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, 

Phys. Rev. D 60 (1999) 073003; S. Pokorski, J. Rosiek and C.A. Savoy, Nucl. Phys. B 570 (2000) 81; T. Falk, K.A. Olive, 

M. Pospelov and R. Roiban, Nucl. Phys. B 560 (1999) 3; V.D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, 

Phys. Rev. D 64 (2001) 056007; S. Abel, S. Khalil and O. Lebedev, Phys. Rev. Lett. 86 (2001) 5850; Nucl. Phys. B 606 

(2001) 151. 

J. Hisano, Y. Shimizu, Phys. Rev. D 70 (2004) 093001. 

R. Barbieri, and A. Masiero, Nucl. Phys. B 267 (1986) 679. 

R.M. Godbole, S. Pakvasa, S.D. Rindani and X. Tata, Phys. Rev. D 61 (2000) 113003; S.A. Abel, A. Dedes, H.K. Dreiner, 

JHEP 0005 (2000) 013. 

D. Chang, W.F. Chang, M. Frank and W.Y. Keung, Phys. Rev. D 62 (2000) 095002. 

P. Herczeg, Phys. Rev. D 61 (2000) 095010. 

V.A. Dzuba, V.V. Flambaum, J.S.M. Ginges and M.G. Kozlov, Phys. Rev. A 66 (2002) 012111. 

LB. Khriplovich, R.V. Korkin, Nucl. Phys. A 665 (2000) 365. 

V.F. Dmitriev, R.A. Senkov, and N. Auerbach, Phys. Rev. C 71 (2005) 035501. 

G. Barton, Nuovo Cim. 19 (1961) 512; W.C. Haxton and E.M. Henley Phys. Rev. Lett. 51 (1983) 193; P. Herczeg, in 

Tests of Time Reversal Invariance in Neutron Physics, edited by N.R. Robertson, C.R. Gould, and J.D. Bowman (World 

Scientific, Singapore, 1987), p. 24; P. Herczeg, Hyperfine Interactions 43 (1988) 77. 

R.J. Crewther, P. Di Vecchia, G. Veneziano and E. Witten, Phys. Lett. B 88 (1979) 123; [Errartum-ibid. B 91 (1980) 487]. 

O. Lebedev, K.A. Olive, M. Pospelov and A. Ritz, Phys.Rev. D 70 (2004) 016003. 

V.M. Khatsimovsky, LB. Khriplovich and A.S. Yelkhovsky, Annals Phys. 186 (1998) 1; X.G. He and B. McKellar, Phys. 

Lett. B 390 (1997) 318. 

D. Demir, O. Lebedev, K.A. Olive, M. Pospelov, A. Ritz, Nucl. Phys. B 680 (2004) 339. 

A. Corsetti, P. Nath, Phys. Rev. D 64 (2001) 125010. 

Amand Faessler, Th. Gutsche, Sergey Kovalenko, V.E. Lyubovitskij , Ivan Schmidt, Phys. Rev. D 72 (2005) 075006. 

M. Chemtob, Prog. Part. Nucl. Phys. 54 (2005) 71; R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. Deandrea, E. 

Dudas, P. Fayet, S. Lavignac, G. Moreau, E. Perez, Y. Sirois, Phys. Rept. 420 (2005) 1. 



[9; 
[lo; 
[11 

[12; 

[13 

[14 

[15; 
[16; 
[17; 



[18 
[19 
[20 

[21 
[22' 
[23^ 
[24' 



